We present a novel technique to measure high frequency electron spin resonance spectra in a broad frequency range ͑30-1440 GHz͒ with high sensitivity. We use a quasioptical setup with tunable frequency sources to induce magnetic resonance transitions. These transitions are detected by measuring the change in the magnetic torque signal by means of cantilever torque magnetometry. The setup allows tuning of the frequency, magnetic field, polarization, and the angle between the sample and the external magnetic field. We demonstrate the capabilities of this technique by showing preliminary results obtained on a single crystal of an Fe 4 molecular nanomagnet.
I. INTRODUCTION
Electron spin resonance ͑ESR͒ is a powerful spectroscopic tool to investigate a variety of magnetic systems. The technique has been extensively applied to biological systems and magnetic materials. High frequency ESR measurements are essential for systems with large zero field splittings or to resolve field/frequency dependent features. 1 While conventional ESR spectrometers are very sensitive, they are restricted to certain discrete frequencies between 10 and 90 GHz. Above 90 GHz, the dimensions of the cavity to be used become too small and almost impossible to implement. However Fabry-Pérot cavities are viable and spectrometers operating at frequencies up to 336 GHz have been developed. 2 On the other hand, broad band methods, such as single-pass transmission ESR or inelastic neutron scattering, suffer from their low sensitivities. We have aimed at creating a method to detect magnetic resonance transitions with high sensitivity over a broad frequency range.
We have used cantilever torque magnetometery ͑CTM͒ in combination with transmission ESR to create a novel torque detected broad band ESR ͑TDESR͒ method. Detecting magnetic resonance transitions via measuring the change in the magnetization was introduced more than 40 years ago. 3 Since then, different magnetic sensors, such as superconducting quantum interference devices ͑SQUIDs͒, 4 micro-SQUIDs, 5 cantilever magnetometry, 6 and Hall probes, 7, 8 were used to detect the change of the magnetization due to the effect of microwave irradiation. We have chosen CTM because it is a relatively simple method with high sensitivity and can be operated in high magnetic fields. In most of the reported measurements, wave-guides were used to guide the microwave irradiation emitted from the sources ͑usually Gunn diodes͒ onto the samples. The employed setups were therefore limited to either single frequencies or very narrow frequency ranges. Instead, we have used a quasioptical setup which allows broadband measurements. In the following sections, we present the details of the experimental setup. In addition, we present preliminary results on a Fe 4 single molecule magnet to demonstrate the functionality of our technique.
II. BASIC PRINCIPLE
In conventional ESR methods or in transmission ESR, the absorbed or transmitted microwave irradiation is detected. Torque ͑or magnetization͒ detected ESR measures the change that a magnetic resonance transition induces in the magnetizaton of the system. The magnetic torque is given by the magnetization ͑M͒ of the system and the external magnetic field ͑B͒ as = M ϫ B. Experimentally, the torque can be measured by monitoring the deflection of a cantilever on which the sample is mounted. This deflection can be typically detected in several ways among which is the optical detection, 9,10 piezoresistive, 11,12 piezoelectric, 13 or capacitive detection methods. [14] [15] [16] We have used the capacitive detection ͑see below͒ method because it is sufficiently sensitive, it does not involve complicated electronics, and it can be easily operated at liquid helium temperatures.
The torque of an ensemble of spins ͑N͒ depends on the population of the different spin states. This is given by the Boltzmann distribution, and the total torque of the system can be expressed as
where M S is the torque of an individual spin in the M S state ͑M S =−S ,−S +1, ... ,0, ... ,S −1,S͒ with an energy E M S . Z͑B , T͒ is the partition function and e −␤E M S is the population of the M S state at a temperature T͑␤ =1/ k B T͒. The population of the states is modified as the temperature changes, and consequently the torque signal changes with temperature. Besides temperature, microwave induced magnetic resonance transitions can also alter the population of the individual states. Only the populations of the two states, between a͒ which the transition is induced, are changed by the magnetic resonance phenomenon. A microwave photon of energy h 0 = E M S − E M S −1 with E M S −1 Ͼ E M S will induce a transition from the M S = S to the M S = S − 1 state, thus increasing the population of the latter, and decreasing that of the former. As a consequence, the total torque value is changed on resonance. If the torque is therefore measured with and without microwave irradiation, the difference between the two signals yields an ESR-like line shape. From this measurement, one can extract the same information obtained by conventional ESR methods.
III. EXPERIMENTAL SETUP
The experimental setup consists of two main parts ͑Fig. 1͒. The first is the quasioptical setup which deals with the generation, polarization, and focusing of the microwave irradiation onto the crystal. Due to the fact that no cavity is used, we are not limited to a single frequency. The microwaves are generated by a set of tunable frequency backward-wave oscillator ͑BWO͒ sources that cover the range of 30-1440 GHz ͑1-48 cm −1 ͒. 17 The whole frequency range is covered by about a dozen BWO sources. The frequency can be swept with a resolution of 0.1 MHz, or set to a certain fixed value. The output power of BWOs varies from several hundred mW for the long-wavelength sources ͑providing irradiation at frequencies around 100 GHz͒ to 1 mW for the short-wavelength side ͑up to 1440 GHz͒. The radiation generated by BWOs is coherent, highly monochromatic, and linearly polarized to a high degree ͑99.99%͒. 17, 18 The emitted microwave beam is focused on the sample in the cryostat using several lenses, made out of quartz, polypropylene, or Teflon, and have a typical diameter of 5-10 cm with a focal length of 5-20 cm. The intensity of the microwave is measured with a Golay cell detector or a bolometer. Free-standing wire grids, consisting of an array ͑diameter 10 cm͒ of parallel tungsten wires ͑10-15 m thick͒ with a spacing of some tens of micrometers, are used to rotate the polarization of the radiation.
The second part of the setup is the torque magnetometer which measures the torque signal under an external magnetic field. The torque meter consists of a cantilever which is placed at a distance d ͑30-120 m͒ above a metallic base plate ͓Fig. 1͑a͔͒. The cantilevers ͓Fig. 1͑b͔͒, with thicknesses of 25 and 80 m, were manufactured out of a copper beryllium alloy ͑Cu:98%, Be:2%͒ using chemical etching. The crystal is fixed on top of the cantilever with vacuum grease.
Under an externally applied magnetic field, the magnetic torque causes the deflection of the cantilever. The cantilever, together with the base plate of the magnetometer, form a parallel plate capacitor of a capacitance C which is proportional to 1 / d ͓Fig. 1͑a͔͒. As the cantilever bends up or down, the distance d increases or decreases and consequently the capacitance changes. The capacitance is measured by a 1 kHz Andeen-Hagerling 2550A capacitance bridge with a resolution of 0.5 aF. The bridge is connected to the cantilever terminals via two low temperature coaxial cables. The outer shield of the cables is connected to the metal sheath of the cryostat thus rendering a three terminal capacitance measurement.
The torque meter with the crystal on top of it is inserted into an Oxford Instruments Spectromag 4000 optical cryostat ͑temperature range: 1.7-300 K; field: 0-8 T͒ ͑Oxford Instruments, Abingdon, UK͒. The cryostat has a split-coil superconducting magnet with enlarged optical Mylar windows. Both Voigt ͑wavevector of the electromagnetic radiation perpendicular to the external magnetic field͒ and Faraday configurations ͑wavevector parallel to the external magnetic field͒ can be used.
IV. EXPERIMENTAL PROCEDURE
The measurement is performed as follows. First, the sliding holder, where the cantilever magnetometer is mounted on, is moved to the up position, which allows the microwave radiation to be transmitted through the optical magnet. This allows careful alignment of the microwave beam, by using the Golay cell radiation detector. The cantilever magnetometer is then moved into place such that the irradiation is focused directly on the crystal. Measurements can be performed either by sweeping the frequency at fixed field ͑Sec. V A͒, or by sweeping the field at fixed frequency ͑Sec. V B͒. In the former case, the frequency dependence of the radiation power is recorded just before sliding the magnetometer in place. This procedure allows us to correct the resonance line intensity for the different radiation power. In the latter measurement mode, the field is swept first in the absence of microwave radiation and subsequently in the presence of microwave radiation. In addition, measurements both in fieldand in frequency swept mode can also be performed as a function of angle ͑Sec. V C͒.
The combination of torque magnetometry and ESR enables us to investigate the system with conventional torque magnetometry prior to performing TDESR. The two measurements are performed on the same crystal in situ. Angle   FIG. 1 . ͑Color online͒ A drawing of ͑a͒ the torque meter with the cantilever placed at a distance d from the base plate, ͑b͒ the cantilever ͑all dimensions are in millimeter͒, and ͑c͒ the quasioptical setup which illustrates how the beam is focused onto the single crystal located on the cantilever.
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resolved torque magnetometry provides a precise knowledge on the direction of the principal magnetic axis in the system ͑easy molecular axis of the magnetization in molecular nanomagnets, or an easy crystallographic axis in a ferromagnetic system for instance͒. In addition, torque versus field measurements at different temperatures provide an estimate of the anisotropy parameters. Consequently, one can predict in which frequency range the magnetic resonance lines could be observed.
In order for a crystal to show a nonzero torque signal, it has to be magnetically anisotropic. However, our technique is not only limited to anisotropic systems. Magnetically isotropic systems can be studied if the cantilever is placed in an inhomogeneous magnetic field. In that case, the magnetization is measured rather than the torque. In addition to the angle, the polarization of the microwave field can be changed between 0°-90°, thus allowing us to perform parallel or perpendicular mode ESR.
V. TEST MEASUREMENTS
In order to conduct a proof of concept study, we have chosen a single molecule magnet as a sample because of the extensive application of high frequency ESR on these systems. 1 The system that we investigated is the complex ͓Fe 4 ͑L͒ 2 ͑dpm͒ 6 ͔ ͓Hdpm=2,2,6,6-tetramethylheptane-3, 5-dione, H 3 L=S-H 3 CCH 2 CH͑CH͒ 3 CH 2 O-CH 2 C ϫ͑CH 2 OH͒ 3 ͔, hereafter referred to as Fe 4 . 19 The system consists of four Fe 3+ ions where the central Fe 3+ ion is antiferromagnetically coupled to the three peripheral Fe 3+ ions resulting in a total spin ground state of S = 5. The S = 5 state is split in zero field into ͑2S +1͒M S states. The energies of the M S states are given by the spin Hamiltonian, H = DŜ z 2 + g B Ŝ · B, where D is the second order axial zero field splitting parameter, g is the g-factor which is assumed isotropic, and B is the magnetic field. ESR transitions can be observed between these M S states, subject to the selection rule ⌬M S = Ϯ 1. Figure 2 shows the energy level diagram of the M S states versus an external magnetic field applied at 5°from z ͑where z is the direction of the magnetic easy axis͒. All the measurements were performed on a single crystal of mass ϳ100 g which was fixed on the cantilever with vacuum grease.
A. Frequency swept TDESR
In the frequency swept mode, a fixed external magnetic field is applied to induce a torque signal. The microwave frequency is subsequently swept, thus inducing ESR transitions between the different M S states at the resonance frequencies. This is reflected as a change in the torque signal ⌬. Figure 3͑a͒ shows the change in the torque ⌬ at 20 K recorded in the microwave frequency range 100-260 GHz, with an external field of 4.8 T applied at 5°from the magnetic easy axis. In total, five resonance lines are observed in this frequency range, corresponding to the fine structure of the S = 5 spin ground state ͓͑1͒ M S =−5 to Ϫ4, ͑2͒ M S =−4 to Ϫ3, ͑3͒ M S =−3 to Ϫ2, ͑4͒ M S =−2 to Ϫ1, ͑5͒ M S =−1 to 0͔. The lines shift to higher frequencies as the magnetic field is increased ͑not shown͒, thus indicating that they are of magnetic resonance origin. The spectrum reflects the high sensitivity of the technique where all five resonance lines are observed.
The intensities of the resonance lines in Fig. 3͑a͒ are not normalized by the different microwave output power at different frequencies. The microwave power affects the intensity of the observed resonance lines in TDESR. Because the microwave power is frequency dependent, the intensity of the resonance lines is also frequency dependent. Therefore, in the frequency swept measurements, the ⌬ values at each frequency have to be divided by the output power at that frequency. The spectra in Fig. 3͑a͒ were recorded using two microwave sources to cover this frequency range. The inset of Fig. 3͑a͒ shows the microwave power of the two sources. The two sources overlap between 157 and 175 GHz, and the output power of source 1 is much higher than that of source 2 in this frequency range. The effect of the higher power is clearly seen in line 4 at 174 GHz which is more intense when recorded with source 1 ͓Fig. 3͑a͔͒. After correcting for the different microwave power of the two sources as explained earlier, the intensities are in good agreement as shown in Fig.  3͑b͒ .
B. Field swept TDESR
An alternative to the frequency swept measurements is the field swept mode of operation. In this mode, the magnetic field is swept at a fixed microwave frequency. The ESR transitions are induced at the magnetic fields which satisfy the resonance condition. The torque signal is measured with and without irradiation and the difference between the two signals results in an ESR line. Figure 4͑a͒ shows the torque signals of the nonirradiated and irradiated crystal at 143 GHz and 20 K. The difference in torque signal between the measurement with and without microwave irradiation, ⌬͑ nonirr − irr ͒, is shown in Fig. 4͑b͒ . The torque signal of the irradiated crystal shows characteristic dips at the resonance fields indicating the occurrence of the ESR transitions, at 0.91, 1.78, and 2.71 T, which we attribute to the resonance transitions M S =−5 to Ϫ4, Ϫ4 to Ϫ3, and Ϫ3 to Ϫ2, respectively. The advantage of the field swept to the frequency swept mode is that the microwave frequency, and accordingly the microwave power, is kept constant. Hence, the intensities of the different resonance lines are not altered by the microwave power. The stability of the microwave power is apparent in the smooth baseline of the field swept measurements.
On the other hand, the resonance lines occur at different fields, i.e., at different absolute torque signals. The nonlinear response of the torque meter leads to increasing the signal at higher fields ͑for positive torque signals͒. As a consequence, the change in the torque signal ⌬ is modified by the nonlinear response, and resonances at higher fields are more intense. This nonlinear response arises due to the nonlinear dependence of the capacitance on the separation distance d,
where
A is the area of the cantilever, and is the permittivity. Therefore, for high torque values, the deflection of the cantilever increases, and the quadratic term in ⌬d can no longer be neglected. However, the torque values can be corrected for the nonlinearity by using Eq. ͑2͒. Figure 4͑b͒ shows the raw and the corrected ⌬ values. The low field resonance line is not affected by the nonlinear response, but the high field lines clearly are. Interestingly, the nonlinear response can be exploited in this method to observe very weak resonance lines. A very small change in the torque will induce a relatively large capacitance change if we are in the nonlinear regime. Hence, for weak resonance lines to be detected, the absolute torque value should be increased by either increasing the magnetic field or the angle . This is perhaps the only application in capacitance based torque magnetometry, where the nonlinear response of the torque meter can be advantageous.
C. Angle resolved TDESR
One important feature of the setup is the ability to perform angle resolved ESR measurements. The whole torque meter is rotated with respect to the field by using an external stepper motor which can rotate the sample by 180°with steps of 1°. Owing to the quasioptical setup and to the four large Mylar windows in the cryostat, this rotation can be performed while irradiating the sample. Figure 5 shows the TDESR spectra for = 5°and = 15°, where is the angle between the easy axis and the external field. The resonance lines shift to lower frequencies with increasing angle, as expected from the calculated resonance lines positions. 
D. Microwave heating effect
Another important aspect to be considered in these measurements is the heat induced by the microwave radiation. Magnetization detected ESR techniques using Hall-bars as magnetic sensors have shown a strong effect of the microwave radiation on the measured magnetization values on and off resonance. 8 In order to investigate the effect of the microwave radiation on our measurements, we have measured the torque signal off resonance with and without radiation at 16 K. The microwave frequency was set to 162.5 GHz, where the microwave power of the source is maximum. An external field of 4.8 T was applied at 5°from the easy axis, such that no resonance lines are observed in this frequency range. Figure 6͑a͒ shows jumps in the torque signal upon turning the microwave radiation on and off. The capacitance changes by around 13 fF under irradiation. Measuring the change in the capacitance with temperature shows that a change of 13 fF corresponds to an increase in the temperature of around 120 mK above 16 K as shown in Fig. 6͑b͒ . The measurements were repeated several times to ensure reproducibility. This result depicts that the effect of the microwave radiation on the spin temperature of the sample is negligible. In other words, this clearly demonstrates that, apart from inducing magnetic resonance transitions, microwave radiation has a minor effect on the recorded spectra. This is presumably due to the good thermal coupling between the crystal/cantilever and the phonon bath, and the fact that the capacitance measurement itself is rather independent of small temperature fluctuations.
VI. CONCLUSIONS AND OUTLOOK
We have described the torque detected electron spin resonance technique that we developed. One major advantage of our method to conventional ESR methods is the broad frequency range that is accessible. The measurements are performed in the frequency as well as in the field swept mode. Furthermore, angle resolved ESR measurements can be performed by rotating the crystal in situ. The combination of torque magnetometry and ESR render this technique a strong tool to study magnetically anisotropic single crystals. One drawback of the current setup is the imprecision on the intensity of the absorption lines due to the nonlinear response and the variable microwave power. This hinders us from performing accurate line width or line shape studies. One possibility to avoid the error induced by the nonlinear response of the torque meter, is by operating the torque meter in the constant separation distance mode. This can be implemented through introducing a feedback loop which keeps the capacitance value constant by applying a dc voltage that creates an electrostatic force compensating for the magnetic force of the sample. After calibrating the torque meter, the magnetic torque can be then related to the externally applied dc voltage. This mode of operation, not only allows the elimination of the nonlinearity in the signal, but it also enables the measurement of larger single crystals if necessary. 
